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We report on a search for pair production of first-generation scalar leptoquarks (LQ) in pp colli­
sions at ^ = 1 .9 6  TeV using an integrated luminosity of 252 pb_1 collected at the Fermilab Tevatron 
collider by the D 0 detector. We observe no evidence for LQ  production in the topologies arising 
from LQLQ  —»■ eqeq and LQLQ  —»■ eqvq, and derive 95% C.L. lower limits on the LQ mass as a 
function of 3, where 3  is the branching fraction for LQ ^  eq. The limits are 241 and 218 GeV/c2 
for (3=1 and 0.5, respectively. These results are combined with those obtained by D 0  at ^ = 1 .8  
TeV, which increases these LQ mass limits to 256 and 234 GeV/c2.
PACS num bers: 14.80.-j, 13.85.Rm
Several extensions of the stan d ard  model (SM) include H1 and  ZEUS experim ents a t the e±p collider H ERA  at 
leptoquarks (LQ) which carry  color, fractional electric DESY published [2] lower lim its on the mass of a first­
charge, and bo th  lepton (l) and quark  (q) quantum  num- generation LQ th a t depend on the unknown leptoquark- 
bers and  would decay into a lepton and a quark [1]. The l-q Yukawa coupling A. At the  CERN L E P collider, pair
4production of leptoquarks could occur in e+ e-  collisions 
via a v irtual 7 or Z  boson in the s-channel. At the  Fer- 
m ilab Tevatron collider, leptoquarks would be pair pro­
duced dom inantly  through q f annihilation (for M L q  > 
100 G eV /c2) and gluon fusion. Such pair production  
mechanisms are independent of the  coupling A. Experi­
m ents a t the  L E P  collider [3] and a t the  Ferm ilab Teva­
tro n  collider [4, 5, 6] set lower lim its on the masses of 
leptoquarks. In this L etter, we present a search for first­
generation scalar leptoquark  pairs produced in pp colli­
sions a t y fs= 1.96 TeV for two cases: when bo th  lepto- 
quarks decay to  an electron and a quark  w ith a branch­
ing fraction (Br) 3 2, where 3  is the  leptoquark  branching 
fraction into an electron and a quark, and when one of the 
leptoquarks decays to  an electron and a quark  and the 
other to  a neutrino  and a quark w ith B r =  23(1 — 3). The 
final sta tes consist of two electrons and two je ts  (e e jj)  
or of an electron, two jets, and missing transverse energy 
corresponding to  the neutrino which escapes detection 
( e v j j ) .
The D 0  detector [7] comprises three m ain elements. 
A m agnetic central-tracking system , which consists of a 
silicon m icrostrip tracker and a central fiber tracker, is 
located w ithin a 2 T  superconducting solenoidal m agnet. 
Three liqu id-argon/uran ium  calorim eters, a central sec­
tion  (CC) covering pseudorapidities n [8] w ith |n| up to  
«  1 and two end calorim eters (EC) extending coverage to  
|n| ~  4 [9], are housed in separate cryostats. Scintillators 
between the CC and EC cryostats provide sam pling of 
developing showers for 1.1 <  |n| <  1.4. A m uon system  
is located outside the calorim eters.
The d a ta  used in this analysis were collected from April 
2002 to  M arch 2004. The in tegrated  lum inosity for this 
d a ta  sam ple is 252 ±  16 p b - 1 . Events were required to  
pass a t least one of a set of electron triggers based on 
the requirem ent of one electrom agnetic trigger tower to  
be above threshold and on shower shape conditions. The 
efficiencies of the trigger com binations used in the e e jj  
and e v j j  analyses have been m easured using data . They 
are ~  100% for two electrons of transverse energy (E p M) 
above 25 GeV, and for one electron above 40 GeV. The 
small loss of events due to  the  trigger inefficiencies for 
E | m  below 40 GeV is taken into account using proper 
weighting for M onte Carlo (MC) events.
E lectrons are reconstructed  as calorim eter electrom ag­
netic clusters which m atch a track  in the central-tracking 
system . E lectrom agnetic (EM) clusters are identified 
by the characteristics of their energy deposition in the 
calorim eter. C uts are applied on the fraction of the en­
ergy in the electrom agnetic calorim eter and the isolation 
of the cluster in the calorim eter. EM  clusters are m arked 
as tigh t when they  satisfy a shower shape condition and 
loose otherwise. Je ts  are reconstructed  using the iter­
ative, m idpoint cone algorithm  [10] w ith a cone size of
0.5. The energy m easurem ent of the  je ts  has been cali­
b ra ted  as a function of the  je t transverse energy and n by
balancing energy in photon plus je t events. The missing 
transverse energy (E t  ) is calculated as the  vector sum  of 
the transverse energies in the  calorim eter cells, removing 
contributions from detector noise.
For bo th  channels, the  background arising from mul­
tije t events is determ ined from a sam ple of d a ta  events 
(QCD sample) th a t  satisfy the m ain cuts used in the 
analysis except th a t each EM cluster is loose instead of 
tight. A QCD norm alization factor is ex tracted  for this 
sample in a p a rt of the phase space where the LQ con­
tribu tion  is expected to  be negligible. The QCD sample 
norm alized by th is factor is used to  derive the m ultijet 
contribution  in the relevant p a rt of the phase space. To 
evaluate the Z  boson/D rell-Y an (Z /D Y ) and the W  bo­
son background contributions, samples of MC events gen­
erated  w ith ALPGEN [11] or PY TH IA [12] were used. Sam­
ples of PY TH IA t t  events (m t =  175 G eV /c2) were used 
to  calculate the top  quark background. L Q L Q  —>■ e e jj  
and L Q L Q  —>■ e v j j  MC samples were generated using 
PY TH IA for LQ masses from 120 to  280 G eV /c2 in steps 
of 20 G eV /c2. All MC events were processed using a 
full sim ulation of the detector based on G EA N T [13] and 
the complete event reconstruction. The efficiencies of the 
various cuts, m easured using the data , were taken into 
account using proper weightings of the MC events.
The e e j j  analysis requires two tigh t EM clusters w ith 
E | m >  25 GeV and a t least two je ts  w ith E T >  20 GeV 
w ithin |n| <  2.4. At least one of the EM clusters should 
spatially  m atch an isolated track  and a t least one should 
be in the  CC fiducial region. The m ajor SM background 
sources th a t mimic the e e j j  decay of a LQ pair are m ulti­
je t events (where two of the  je ts  are misidentified as EM 
objects), Z /D Y  production, and top  quark  pair produc­
tion. To suppress background from Z  boson production, 
events w ith a di-electron mass (M 2EM) com patible w ith 
the Z  boson mass (80 G eV /c2 <  M 2EM <  102 G eV /c2) 
are rejected. F inally  ST >  450 GeV is also required, 
where ST is the  scalar sum  of the transverse energies of 
the two electrons and the two leading jets. In Fig. 1a, the 
ST d istributions for d a ta  and background after applying 
the Z  boson mass cu t are shown. This choice of the cu t­
off has been optim ized using MC signal and background 
events to  get the best expected m ass lim it. The to ta l 
efficiencies for a LQ signal are sum m arized in Table I. 
The m ultijet background is estim ated from two samples 
of events w ith two EM clusters E ™  >  15 GeV which 
have a t least one m atched track  and  no reconstructed  
jets. B oth  EM  clusters are tigh t in one sample and loose 
in the other. The QCD norm alization factor is deter­
mined by the norm alization of the M 2EM distribu tions of 
the two samples below 75 G eV /c2. The Z /D Y  and top 
quark  contributions are norm alized to  the  in tegrated  lu­
minosity. Table II lists the num ber of events in the d a ta  
and the num ber of expected events from SM background 
sources.
System atic uncertain ties on the background are deter-
BTABLE I: Efficiencies after all cuts and 95% C.L. upper limits 
on production cross section x branching fraction Br, as a 
function of M Lq , for the two channels.
TABLE II: Number of events in data compared with back­
ground expectation at different stages of the ee jj analysis.
M l q  (GeV/c2) eejj ev jj
e(%) cxxBr(pb) e(%) cxxBr(pb)
120 2.2±0.5 0.950 4.6±0.5 0.34
140 4.5±0.9 0.444 T.9±0.8 0.20
160 8.9±1.T 0.223 11.T±1.1 0.14
180 12.6±2.4 0.156 15.5±1.5 0.10
200 18.5±3.0 0.102 1T.8±1.T 0.088
220 24.6±3.5 0.0T5 18.9±1.8 0.083
240 30.3±3.9 0.060 20.9±1.9 0.0T5
260 34.0±4.0 0.053 21.9±2.1 0.0T1
280 36.0±4.0 0.050 22.T±2.1 0.069
D0 252pb ,  Data (a)
—Total Background
LQ (240 GeV/c2)
100 200 300 400 500 600 700 S00
ST (GeV)
100 200 300 400 500 600 700 S00 
ST (GeV)
FIG. 1: The ST distributions for the ee jj events (a) and 
e v jj  events (b) from data (triangles) compared to the SM 
background (solid histograms). The dot-dashed histograms 
are the expected distributions for a 240 GeV/ c2 LQ signal (a) 
and for a 200 GeV/c2 LQ signal (b).
mined to  be 15% from the QCD norm alization factor and 
6% from the efficiencies of the identification of electrons 
and je ts  (particle-ID ). An uncerta in ty  (26%) from the 
je t energy scale is determ ined by varying the correction 
factor on the calorim eter response to  je ts  by one s tan ­
dard  deviation. A system atic uncertain ty  on the Z /D Y  
background (20%) is calculated by taking into account 
the differences between the two Z /D Y  MC samples. On 
the signal, the  particle-ID  and the lim ited sta tistics of 
the MC sample correspond to  system atic uncertainties 
of 6% and 1.2% respectively. Com paring acceptances for 
the signal samples generated w ith PY TH IA using different 
param etrizations of parto n  d istribu tion  functions (PD Fs) 
leads to  an uncertain ty  of 5%. The uncertain ty  due to  
the  je t energy scale is dependent on the LQ mass (7.3% 
for a LQ m ass of 240 G eV /c2). The to ta l uncertain ty  
on the efficiency is (17-9)%  in the m ass range 180-280 
G eV /c2.
The d a ta  are consistent w ith the expected SM back­
ground and no evidence for leptoquark  production is ob­
served in the  e e j j  channel. Thus we can set an upper 
lim it a t the 95% C.L. on the LQ pair production  cross 
section using a Bayesian approach [14]. The lim its are 
tabu la ted  in Table I and shown in Fig. 2a as a function 
of LQ mass. To com pare our experim ental results w ith 
theory, we use the  next-to-leading order (NLO) cross sec­
eejj Z boson veto St  >450 GeV
Data 467 95 1
Total background 406 ±  100 92±1T 0.54±0.11
Z /D Y  +  jets 342 ±  99 41 ±  11 0.22±0.0T
Multijet 59 ±  16 4T ±  13 0.2T±0.08
tt  production 4.T ±  0.4 3.8 ±  0.3 0.05±0.01
180 200 220 240 260 280 
S c a la r  L e p to q u a rk  M a s s  (G e V /c  )
120 140 160 1S0 200 220 240 260 2S0 
S c a la r  L e p to q u a rk  M a ss  (G e V /c  2)
FIG. 2: The 95% C.L. limit on the experimental cross section 
times branching fraction as a function of LQ mass (circles) 
for the ee jj (a) and e v jj  (b) channels. The NLO theoreti­
cal cross sections [15] are plotted for different values of the 
renormalization scale factor: M Lq (full line), M Lq /2  (dot­
ted curve) and 2MLq (dashed curve) taking into account the 
PDF uncertainties. A mass limit of 241 GeV/ c2 (a) and of 208 
GeV/ c2 (b) for first-generation scalar leptoquarks is obtained 
for 3=1 and 3=0.5, respectively.
tion  for scalar leptoquark  pair production  from Ref. [15], 
w ith the C TEQ 6 PD F [16]. The theoretical uncertainties 
correspond to  the variation from M L q / 2  to  2 M L q  of the 
renorm alization scale ^  used in the calculation and to  the 
errors on the PD Fs. To set a lim it on the LQ mass we 
com pare our experim ental lim it to  the theoretical cross 
section for ^  =  2 M L q , which is conservative as it corre­
sponds to  the lower value of the theoretical cross section. 
The value of the theoretical cross section would increase 
by ~  7% if the PD F errors were neglected. A lower lim it 
on the leptoquark  m ass of 241 G eV /c2 is obtained for 
3 = 1 .
The e v j j  analysis requires exactly one tigh t EM  clus­
ter ( E | m  >  35 GeV) in the CC fiducial region which 
m atches an isolated track  spatially  and kinematically. At 
least two je ts  w ith E T >  25 GeV w ithin |n| <  2.4 and 
E t  >  30 GeV are required. The m ain SM background 
sources which would mimic the e v j j  decay of a LQ pair 
are events w ith m ultijet production  (where a je t is re­
constructed  as an electron and  the E t  comes from je t 
m ism easurem ents), W  +  2 je ts  events, and top  quark  
pair production. A veto on muons w ith p T >  10 G eV /c 
is applied to  reduce the di-lepton background from t t  
decays. To suppress background from W  boson produc­
tion, events w ith a transverse mass of the  electron and 
the missing energy MTjY <  130 G eV /c2 are rejected. F i­
nally ST >  330 GeV is required, where here ST is the 
sum  of the  transverse energies of the electron, the two
) 1
10S10
0  10
6TABLE III: Number of events in data compared with back­
ground expectation at different stages of the e v jj  analysis. 
The values of the cuts are in GeV or in GeV/ c2.
Et  > 30 M t  > 130 ST > 330
Data 900 14 1
Total background 902 ±  211 13.9 ±  4.4 3.6 ±  1.2
W  +  jets 811± 211 10.0 ±  4.4 2.2 ±  1.2
Multijet 76 ±  7 2.3 ±  0.5 0.72 ±  0.28
tt  production 14.7 ±  2.9 1.6 ±  0.37 0.70 ±  0.17
jets, and  the E T • The d istribu tion  of the variable ST for 
the  d a ta  and the to ta l background is shown in Fig. 1b 
after applying the Mf.v cut. The choice of the  cutoff has 
been optim ized as above. The to ta l efficiency of these 
cuts for a LQ signal is given in Table I . To determ ine the 
m ultijet background we use a d a ta  sample th a t passed all 
the  preceeding cuts b u t w ith a loose EM cluster m atch­
ing spatially  a track. The QCD norm alization factor is 
determ ined using the ra tio  of the  num ber of events w ith 
E T <  10 GeV in this and in the search samples. The W  
boson background is norm alized to  the d a ta  a t transverse 
m ass 60 G eV /c2 <  MTV <  100 G eV /c2. The top  quark 
background is norm alized to  the  in tegrated  lum inosity 
using the NNLO theoretical cross section. The num ber 
of events which survive the cuts and the num ber of pre­
dicted background events are sum m arized in Table I I I .
System atic uncertainties associated w ith the  QCD nor­
m alization factor (9%) and W  boson norm alization fac­
to r (5.7%) are determ ined by the lim ited sta tistics of the 
samples and the  choice of kinem atical dom ain over which 
the norm alization is done. The je t energy scale uncer­
ta in ty  introduces uncertainties equal to  25% for W  boson 
production and 8.5% for the  top-quark-pair production. 
For the  W  boson background an uncerta in ty  equal to  33% 
is associated to  the  shape of the  E T distribution . A 25% 
error has been included as system atic uncertain ty  on the 
top  quark  cross section. Finally, there is an uncertain ty  
of 3.8% on the particle-ID  acceptance. Three system atic 
uncertainties are determ ined on the signal acceptance: 
3.8% comes from the uncertain ty  on the particle-ID , 5% 
is due to  the je t energy scale uncertainty, and 5.4% cor­
responds to  the acceptance variations for different PD F 
param eterizations.
As no excess of d a ta  over background is found in the 
e v j j  channel, an upper lim it on the production  cross sec­
tion  for a first-generation scalar leptoquark  is derived and 
shown in Fig. 2b and in Table I . A com parison of these 
lim its to  theoretical calculations of the cross section [15], 
perform ed as described above, gives a lower lim it on 
the first-generation scalar LQ m ass of 208 G eV /c2 for 
P  =  0.5.
Com bination of the lim its obtained in the searches in 
the  e e j j  and e v j j  channels is done using a Bayesian like­
lihood technique [17], w ith correlated uncertainties taken
TABLE IV: 95% C.L. lower limits on the first-generation 
scalar leptoquark mass (in GeV/c2), as a function of ¡3. The 
mass limits from D 0  (eejj, ev j j  and v v j j  combined) [4] and 
CDF (eejj) [5] at Run I (~  120 pb-1 ) are also given, as well 
as the limits obtained by combining the D 0 Run I and Run
II results.
ß 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.
eej j 158 180 203 220 232 241
evj j 169 193 203 207 208 207 203 193 169
Comb. Run II 169 193 204 212 218 223 228 232 237 241
D 0  Run I 110 204 225
D 0  Runs I & II 183 206 218 227 234 239 244 248 252 256
CDF Run I 213
2
Scalar Leptoquark Mass (GeV/c )
FIG. 3: Excluded regions (shaded area) at the 95% C.L. in the 
3  versus LQ mass plane for the production of first-generation 
scalar leptoquarks.
into account. The lim its on the cross sections obtained 
a t the 95% C.L. for the  com bination of the two channels 
and different values of p  are com pared w ith the NLO LQ 
pair production cross section [15] and lower m ass lim its 
are derived and given, as a function of p , in Table IV  and 
shown in Fig. 3. In Table IV  are also shown the Run I 
mass lim its based on an in tegrated  lum inosity ~  120 p b -1 
obtained by D 0  [4], using the three channels e e j j ,  e v j j  
and v v j j ,  and CD F [5] (e e jj channel). This analysis 
sets a 95% C.L. lim it on the first-generation leptoquark  
mass of M L q  >  218 G eV /c2 for p = 0 .5 , and M L q  >  241 
G eV /c2 for p = 1 . The D 0  Run II and R un I results are 
combined, using the same m ethod, and the results are 
shown in Table IV  and in Fig. 3 . The 95% C.L. lim its 
on the first-generation leptoquark  mass are M L q  >  234 
G eV /c2 for p =0.5, and M L q  >  256 G eV /c2 for p  =1.
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